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ABSTRACT  
A thorough investigation into the repassivation process of CoCrMo in 
multiple simulated biological environments has been undertaken, 
looking in detail at both the kinetics and composition of the reformed 
oxide film. Specific focus of this research was aimed at determining the 
effect of bovine serum albumin (BSA) on these features. The kinetics of 
repassivation were obtained by using a variety of electrochemical 
techniques, the current transients formed were fitted to a second 
order decay curve which accouts for two separate phases: coverage 
and growth. The reformation of the passive film was fastest in a PBS 
environment, with the presence of BSA delaying this process as it 
inhibits the oxygen reduction reaction as it obstructs the active sites of 
the alloy when adsorbed onto the surface. The composition of the 
newly formed film was analysed with X-Ray photoelectron 
spectroscopy (XPS). As expected the film was primarily composed of 
chromium (III) oxide with small contributions from cobalt and 
molybdenum oxides. In the presence of BSA the quantity of 
molybdenum within the film was drastically reduced, via use of 
Inductively Coupled Mass Spectroscopy (ICP-MS) it was shown to be 
extracted into the bulk solution. This observation is due to BSA being 
able to complex preferentially to the molybdenum ions when the alloy 
is exposed, extracting them into solution altering the composition and 
integrity of the film. 
INTRODUCTION 
Orthopaedic surgery has become one of the most common and 
successful treatments for people suffering from issues involving their 
musculoskeletal system1. In cases of arthritis and rheumatism around 
the weigh-bearing joints, hip and knee, prosthetic joint replacement is 
often needed to ease suffering and restore mobility. This process has 
advanced massively over the last 50 years due great investment in 
terms research and clinical trials, which has been vital as the need for 
joint replacement among the population has drastically increased over 
the years. According to statistics around 350,000 primary hip 
replacements were undertaken in the USA alone, with this number 
expected to rise to 500,000 a year by 2020.2 
 
Metal on metal (MoM) hip joints have been used since the early 
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(MoP) joints in which wear particles induced osteolysis.1,3,4 CoCrMo 
alloys were one of the MoM joints developed as the alloy possesses 
excellent biocompatibility, low wear rates and a high corrosion 
resistance as an oxide film is spontaneously formed on the surface 
which acts as a barrier to the environment. The main constituent of 
the passive film is chromium (III) oxide with some minor contributions 
of cobalt (II) oxide and molybdenum oxides (IV-VI). A vital attribute of 
this alloy is its high postulated longevity which is essential seeing as 
there is a greater demand for a replacement among the younger 
population.4 Some MoM devices have lasted for up to 25 years in-vivo 
with recorded wear rates lower than that of MoP joint.1 Over the last 
few years, issues have arisen with MoM devices, as over time metal 
ions are released into the body and if they are absorbed by 
erythrocytes it can lead to genotoxicity within the patient.5 This finding 
makes the need to identify the origin and quantify of metal ion 
released when discussing the safety of these devices.  
  
The physiological environment has an effect on the electrochemical 
behavior of the implanted alloy. The alloy is exposed to synovial fluid in 
the body, which is a viscous, non-Newtonian fluid present in the cavity 
to help reduce friction during motion. This fluid is mainly comprised of 
Human Serum Albumin, a small globular protein containing 585 amino 
acid chains linked together by 17 disulfide bonds.6,7 Due to its high 
concentration and mobility within the fluid it determines the majority of 
the surface/environment interactions as it arrives first at the implant.7 
For experimental purposes, Bovine Serum Albumin is used to mimic a 
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The effects of BSA on the corrosion resistance of CoCrMo has been 
studied by Yan et al,8 he observed that the presence of BSA can be two 
fold. It can accelerate metal dissolution via binding to the metal species 
but was shown to also act as a lubricant reducing friction and therefore 
mass loss. Espallargas et al,9 noted an increase in molybdenum ions 
released into solution in the presence of BSA under electrochemical 
conditions for a range of different domains. Although the 
electrochemical behavior of CoCrMo alloys has been investigated to a 
great extent in recent years, there has not been a comprehensive study 
into the repassivation kinetics of the alloy. Repassivation is the process 
in which when the passive film has been compromised/removed it re-
establishes itself via oxidation of the metal surface. This is vital in 
evaluating the corrosion resistance of the metal as the higher the rate 
of repassivaiton the less corrosion takes place when the alloy is exposed. 
Williams et al,10 carried out some in-vitro wear tests on a range of alloys 
and concluded that the presence of protein can alter the repassivated 
oxide layer as well as form metal-chloride complexes. 
 
The focus of this paper is to fully determine the interactions of the 
surface/environment of CoCrMo alloys exposed to a protein-containing 
environment during electrochemical repassivation and its subsequent  
effect on the composition of the resulting oxide film formed, which has 
been missing from the literature. A range of electrochemical techniques 
have applied to measure corrosion rates with post-test assessment to 
assess the mechanisms that have taken place. Surface characterization 
was employed to analyze changes in the surface once repassivation had 
occured and compared to a passivated layer to determine the effect of 
the environment on the process. Inductively coupled plasma mass 
spectroscopy (ICP-MS) was conducted to determine the quantity of 
metal ions released throughout a single repassivation phase. 
 
THEORY OF REPASSIVATION 
Once the oxide layer has been stripped from the CoCrMo alloy, the 
metal will be exposed to the environment. The metal elements are 
either oxidized and lost to the solution or react with the oxidants to 
reform the passive film, the preference of these reactions can be 
manipulated via electrochemical means. Both of these processes 
produce free electrons, which are detected as current transients. Both 
the general dissolution and passivation pathways for the metal ions are 
depicted in Equation 1. 
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EQUATION 1:  Shows the general dissolution and passivation pathways 
for metal ions 
 
The current transient formed is the sum of dissolution and oxide film 
growth currents from the exposed alloy, several models have been 
proposed over time to interpret this. The model put forward from 
Ambrose [11] stated that as the oxide film is forming, the area fraction 
covered by oxide (肯) increases as time does. If film thickness is 
assumed to be constant then the current related with the growth is as 
follows:  
 件捗沈鎮陳 噺 券繋貢懸警栂  穴肯穴建  
 
EQUATION 2:  The equation for the current formed from oxide film 
growth11,12  
 
 
Under these kinetics, the rate of film growth, 件捗沈鎮陳  depends on 
Faradays Law and the rate of regrowth of the oxide film. 貢 is the 
density of the film, 撃 is the total volume of oxide to grow, 警栂 is the 
molecular weight of the film and 券 is the total charge transferred.   
 
For ionic dissolution, if Tafel-like behavior for the bare metal is 
assumed then the current formed can be expressed as: 
 
 件鳥沈鎚鎚 噺  件待鳥沈鎚鎚岫な 伐 肯岻結蝶貸蝶賑忍庭  
 
 
EQUATION 3:  The equation for the current formed by ionic 
dissolution11,12 
 
Where 件待鳥沈鎚鎚 is the dissolution exchange current density across the bare 
metal, 撃  is the voltage away from the equilibrium potential for the 
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reaction. This differential equation results in an exponential time decay 
of the total current when the surface is held at a fixed potential. While 
there are many assumptions associated with this model, it gives a good 
interpretation of the process and had been used to explore responses 
in the removal of oxide.11 
Therefore the total anodic current produced from these equations is 
indicated by:  
 件 噺  件捗沈鎮陳 髪  件鳥沈鎚鎚 噺  券繋貢懸警栂  穴肯穴建 髪  件待鳥沈鎚鎚岫な 伐 肯岻結蝶貸蝶賑忍庭  
 
Where        肯岫建岻 噺 な 伐 結岫貼禰培 岻 
 
EQUATION 4:  The equation for the total anodic current produced11,12 
 
This differential equation results in an exponential time decay for the 
total current. Goldberg et al,13 were the first to note this and proposed 
fitting the current transient to a first order exponential decay curve to 
determine the kinetics of repassivation in various electrolytes during 
tribo-corrosion. This model was then developed by Sun,14 who found 
that a second order decay curve gives a better fit to the current 
transient. The second order reflects the complexity of the reforming of 
the oxide which is dependent on the rate of oxygen diffusion to the 
surface. The equation for this can be seen below: 
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EQUATION  5:  The second order decay fit14,15 
 
 
Where I(t) is the total current formed with respect to time, t is the time 
taken, I1 and I2 are the maximum currents of the exponential curves 
produced, 酵1 and 酵 2  are the time constants of the respective 
exponential decay curves with I3 being the steady state current 
achieved as the time constants diminish. By applying this we are 
enabled to account for both the oxide coverage and thickening phases 
that occurs during repassivation.  
 
The integrity of the film formed on the surface of the metal can also be 
determined from the current transients by plotting them on a Log-Log 
scale which allows the repassivation index to be obtained via analysis 
of the slope.15 The empirical form and Log-Log equation is seen in 
Equation 6 below. When n = 1, the passive film is highly ordered and 
compact with the porosity increasing as the slope approaches closer to 
zero.15 These values were obtained from analysis of 〃2 ;ゲ デｴ;デげゲ ┘ｴWﾐ 
the film was fully formed.  
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EQUATION 6: The Log-Log Equation to determine the repassiavtion 
index15,17 
 
 
 
 
 
 
 
 
 
MATERIALS AND METHODOLOGY 
Metal and Solutions under Investigation  
 
LC CoCrMo (ASTM 1537-94) was the alloy investigated, plates of a 
thickness of 3 mm with Ø = 6 mm were cut from rods. Table 1 below 
shows the composition of the alloy used, which is relative to ASTM 
standards. 18 
 
 Co % Cr % Ni % Mo % C % Other 
CoCrMo 66 27 0.2 5.5 0.04 - 
 
TABLE 1: The composition of LC CoCrMo (ASTM 1537-94)  
 
The environments that the corrosion behavior of CoCrMo were 
analysed in were saline (0.9%) and phosphate buffered saline (PBS), 
with differing quantities of bovine serum albumin (BSA, 96%, Fischer 
Scientific) present ranging from 0 to 4g/L. Table 2 indicates the 
composition of PBS solution. The saline solution represents simple 
simulated bodily fluids as its level of chloride ions is comparable to that 
of a human, the effect of phosphates was analysed by use of PBS 
solution. BSA was used to mimic a more realistic environment, as it is a 
model protein of human serum albumin (HSA) and to observe the 
effects of protein and its concentration on the corrosion resistance and 
the mechanisms that occur.  
 
 
TABLE 2: Indicates the individual components of PBS solution  
Sample Preperation 
 
The metal sample was mechanically polished using a Buehler Grinder 
Polisher to achieve a target surface roughness of ~10nm. This was 
achieved by first wet grinding the sample with SiC paper of a roughness 
of 120 followed by 320, 600, 800 and 1200. Polishing of the sample 
was then undertaken by using diamond suspension of 6 micron then 3 
micron giving a mirror like finish. The sample was then cleaned with 
deionised water and dried by using compressed air before the 
experiment was carried out 
 
Electrochemical Setup 
 
A custom designed sample holder was made to hold the polished 
sample, shown in figure 1. This meant that after the electrochemical 
tests were undertaken the sample could easily be withdrawn and 
undergo surface analysis. The sample is connected to the potentiostat 
as is sits on a copper plate within the holder welded to a wire that can 
easily be connected, an area of 0.13cm2 was exposed to the 
environment. A good contact to the copper plate is ensured due to the 
removable lid which is held tightly with screws.    
 
. 
 
 
 
 
 
 
FIGURE 1: The designed sample holder used for the electrochemical 
tests (Acts as WE) 
 
The electrochemical behavior was analysed by use of a potentiostat 
(Princeton Applied Research potentiostat/galvanostat Model 263A) 
which was controlled via a computer. A three electrode cell was 
utilized which consists of the working electrode (WE) shown in figure 1, 
a reference electrode (RE) which was Ag-AgCl as it possesses a well-
defined potential and a platinum counter electrode (CE).   
 
Open circuit potential (OCP) was monitored for 1 hour to allow for 
stabilization before the tests were conducted, this was conducted at a 
rate of 1 point per second.  
 
The overall corrosion behavior of the alloy was evaluated by 
undertaking both anodic and cathodic polarization curves in the various 
electrolytes, these tests were undertaken right after OCP was achieved. 
The potentiodynamic polarization scan rate was 0.25 mV/s either being 
ramped up to 1VRE for the anodic tests and down to -1VRE for the 
cathodic ones. Tafel analysis was undertaken to analyze the polarization 
graphs obtained by extrapolating the linear portions of the graph to the 
point at which they intersect, the process is shown below in Figure 2. 
Separate tests were carried out for the two regions to avoid drastic 
changes across the surface by doing a complete scan which could affect 
the electrochemical behavior. 
 
FIGURE 2: Example of Tafel exptrapolation process for CoCrMo in PBS 
solution  
 
  
Compound 
Concentration 
(mmol/l) 
Concentration (g/l) 
NaCl 137 8.00 
KCl 2.70 0.20 
Na2HPO4 10.0 1.44 
KH2PO4 1.80 0.24 
Wire to 
potentiostat 
For the investigation of repassivation kinetics the samples were 
polarized at -1 VRE for 30 minutes to strip the oxide film before being 
shifted to a passive potential of +0.1 VRE for another 30 minutes to 
induce repassivation. The rate the resultant currents were sampled at  
was 100 Hz. These specific potentials were defined from the  
potentiodynamic experiments (anodic and cathodic) carried out 
previously. The passive potential was chosen as it is well within the 
passive domain for all conditions, whereas the cathodic potential was 
chosen as its more negative than that of the standard electrode 
reduction potential of Cr/Cr2+  yet more noble enough not to incur the 
evolution of hydrogen. This is also concurrent with the pourbaix diagram 
of Cr.19 
 
Before these kinetics were investigated, impedance (EIS) was 
undertaken to determine the electrochemical differences in the 
properties of the interface of the alloy at these specific passive and 
cathodic conditions. These EIS experiments were conducted by use of 
the Multi Autolab M204 utilizing the FRA32M module.The samples were 
polarized at their respective potentials chosen for 10 frequency decades 
from 1mHz to 105 Hz at an amplitude of ± 10mV. The obtained data was 
the scrutinized by use of Nova 2.1 and fitted to its equivalent circuit. An 
example of the electrochemical circuit fit is shown in Figure 3, all fits 
were obtained with suitable X2 values (10-4) with each component 
possessing an error of less than 5%. 
 
 
FIGURE 3: Example of Fitted cell to the passive impedance spectra of 
CoCrMo in a PBS environment  
 
 
 
 
Surface Characterisation 
 
XPS measurements were conducted using a monochromated aluminium 
K-alpha X-Ray source with the Thermo Escalab 250. To ensure no 
movement of the sample occurred they were mounted using carbon 
tape to the stage. The power was set to 150W with the size of the 
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detail at a step size of 0.1eV with an energy of 20eV, optimizing the 
number of scans for each to ensure a good signal/noise ratio. By setting 
the carbon 1s peak to 285eV and applying this it to all spectras of the set 
the binding energy could be calibrated. Depending on the baseline of 
the individual peaks either a linear or Shirley baseline fit was used with 
the peaks then being fitted and deconvoluted in accordance with the 
literature.20 
 
Metal Ion Concentration 
 
The concentration of metal ions released to the solution was measured 
after the repassivation experiments had been conducted using the Elan 
DRce (Perkin Elmer). The solutions of the three repetitions of each tests 
were analyzed, before analysis the samples were stabilized by making 
up to 2% HNO3 with any particulate matter being filtered off by use of a 
centrifuge. The isotopes of metal ions under analysis were Co 59, Cr 52 
and Mo 98.  
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RESULTS 
Corrosion Behavior 
 
Figure 4 shows the obtained OCP data in various electrolytes with the 
final values being shown in Table 3. From the figure it is seen that the 
OCP values tend to increase to more noble values over the course of 
time. From the different steady state values achieved it shows that the 
solution chemistry plays a vital role. The presence of phosphates 
increase the value of OCP indicating they act as an anodic inhibitor 
while the BSA acts as a cathodic inhibitor by reducing the values. The 
more BSA is added the greater the effect of cathodic inhibition and 
therefore a lower value of OCP occurs.  
 
FIGURE 4: The OCP curves for CoCrMo in simulated bodily fluids over an 
hour 
 
Both the anodic and cathodic polarization curves for CoCrMo in the 
various electrolytes are shown in Figure 5 with the extracted values 
from each graph being shown in Table 3. 
 
The anodic curves are shown in Figure 5a, the anodic domain is at 
potentials higher than that of the Ecorr where a transition from cathodic 
to anodic current occurs. A current density increase is seen above Ecorr 
as the metal alloy is active resulting in corrosion taking place. 
Passivation of the sample is indicated when the current density 
stabilizes due to formation of the oxide film which protects the surface 
from the environment, it is seen that phosphates decrease the passive 
current density while BSA increases it. When the potential is shifted  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
high enough trans-passive behavior occurs which causes the film to 
breakdown resulting in corrosion to occurring once more. The 
phosphates are seen to activate transpassive dissolution due to the 
formation of phosphate chromium complexes which activate 
dissolution indicated by the dissolution occurring at lower values than 
that of just a saline solution.  
 
 
 
 
 
 
 
 
 
Electrolyte OCP/Ecorr (V) Icorr (µA/cm2) Ipass (µA/cm2) Eb(V) Er (V) 
Saline -0.33 ± 0.02 0.18 ± 0.05 3.82 ± 0.04 0.52 ± 0.02 0.56 ± 0.03 
PBS -0.28 ± 0.01 0.12 ± 0.04 3.42 ± 0.06 0.46 ± 0.04 0.47 ± 0.02 
PBS + 0.5gl-1 BSA -0.31 ± 0.02 0.24 ± 0.03 3.53 ± 0.05 0.45 ± 0.01 0.46 ± 0.03 
PBS + 2.0gl-1 BSA -0.36 ± 0.04 0.28 ± 0.03 3.59 ± 0.07 0.48 ± 0.03 0.47 ± 0.01 
PBS + 4.0gl-1 BSA -0.39 ± 0.02 0.29 ± 0.02 3.74 ± 0.03 0.46 ± 0.03 0.48 ± 0.02 
Saline + 4.0gl-1 BSA -0.43 ± 0.02 0.39 ± 0.04 3.91 ± 0.06 0.54 ± 0.03 0.58 ± 0.02 
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FIGURE 5: The Anodic (a) and Cathodic (b) potentiodynamic 
curves for CoCrMo in simulated bodily fluids 
 
 
TABLE 3: The extracted values obtained from the electrochemical experiments undertaken  
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The cathodic curves for CoCrMo in the various electrolytes are shown 
in Figure 5b, the cathodic domain is at potentials lower than the Ecorr 
where the current is determined by the reduction of oxygen and the 
reduction of other species when there is a sufficient thermodynamic 
driving force. Initially after Ecorr there is an increase in current density 
due to oxygen being reduced, this is limited by how fast the molecules 
can move into solution. The presence of both phosphates and BSA 
hinder this movement indicated by diminished currents. The current 
then remains fairly stable until around -1.10V where reduction of 
phosphate/BSA species occurs, there is no further reduction of species 
seen in just a saline environment.  
 
The EIS for the passive potential of +0.1VRE is shown in Figure 6 with 
the fitted electrical circuit being displayed in Figure 7 and its respected 
extracted values for each electrolyte in Table 4.  
FIGURE 6: Shows the Nyquist (a) and bode plots (b) of CoCrMo  
              under passive conditions in simulated bodily fluids 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The plots shown display typical passive behavior characterised via high 
impedance values whilst also exhibiting capacitive behavior which is 
indicated via the semicircle shape obtained. As there are two points of 
inflection within the bode plot it implies that the cell consists of two 
time constants.  
One of these time constants corresponds to the oxide resistance 
(Rin/Cin) with the second being attributed to charge transfer resistance 
(Rout/Cout). A constant phase element is then introduced instead of the 
capacitor as it accounts for the non-ideal behavior of the capacitive 
elements due to the various physical phenomena such  
as surface heterogeneity which is a result from surface roughness, 
impurities, dislocations and the presence of grain boundaries.  
 
 
 
 
 
 
 
 
FIGURE 7: Equivalent circuit used to analyse the impedance spectra 
obtained under passive conditions. Rs solution resistance, Rout outer 
layer resistance, CPEout CPE of the outer layer, Rin inner layer resistance, 
CPEin CPE of the inner layer 
 
From the extracted data, it is clear to see that the environment in 
which passivation occurs has a drastic effect on the properties of the 
alloy. In a phosphate containing environment, the resistance is 
drastically increased with the values of Rout and Rin almost doubling 
compared to just a saline condition. As well as improving the corrosion 
resistance the thickness of the passive film increases due to a lower 
value of CPEin. 
The influence of BSA caused different features on the spectrum 
obtained, shifting the phase angle towards lower frequencies. It is also 
seen to increase values of Rout and Rin, although in the presence of 
phosphates the effect on Rin is minimal. The value of CPEout decreases 
indicating that albumin is deposited on the surface, the higher the 
concentration the thicker the layer is.  
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Saline 13.4 0.42 1.90 0.90 2.29 0.85 0.26 
PBS 15.3 0.76 1.02 0.92 1.75 0.88 0.46 
PBS + 0.5gl-1 BSA 22.4 0.84 0.88 0.91 1.97 0.88 0.49 
PBS + 2.0gl-1 BSA 22.6 0.98 0.75 0.93 2.05 0.88 0.46 
PBS + 4.0gl-1 BSA 23.0 1.15 0.72 0.92 2.13 0.88 0.48 
Saline + 4.0gl-1 BSA 16.7 0.64 1.55 0.93 2.90 0.87 0.42 
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TABLE 4: The extracted values obtained from the electrochemical fitted circuit for passive conditions  
 
The Impedance spectra for the cathodic potential of -1.0VRE is shown in 
Figure 8 with the fitted electrical circuit being displayed in Figure 9 
with its respected extracted values for each electrolyte in Table 5. 
 
FIGURE 8: Shows the Nyquist (a) and bode plots (b) of CoCrMo  
              under passive conditions in simulated bodily fluids 
 
 
The Nyquist plots are composed of a small semi-circle at high 
frequency followed by a line at low frequency, which indicates the 
presence of a diffusion controlled reaction this is characterized via 
warburg impedance.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 9: Equivalent circuit used to analyse the impedance spectra 
obtained under passive conditions. Rs solution resistance, Rout outer 
layer resistance, CPEout CPE of the outer layer, W Warburg diffusion  
 
In the presence of phosphates the values of Rout increases alongside a 
lower value of CPEout indicating that there is an increase in thickness to 
the interface and corrosion resistance, further supporting the theory 
that phosphates adsorb onto the surface on the alloy. This presence of 
an adsorbed film also leads the value of diffusion to decrease.  
When albumin is present in the environment the quantity of Rout 
increases with CPEout decreasing even further indicating that the 
molecules are absorbed on the surface. Due to the size of the 
molecules, the level of diffusion is further reduced. The more BSA is 
present the stronger these effects become.  
 
Repassivation Kinetics 
 
The re-passivation behavior of CoCrMo has been investigated by the 
use of current transient curves where the metal was cleaved of the 
oxide film by cathodic protection as described in the experimental 
section. Figure 10 shows the data obtained when the potential was 
shifted to the passive potential, upon initial passivation the current is 
seen to increase as corrosion of the metal is occurring on the surface 
due to anodic oxidation giving off metal ions and electrons before 
slowly decreasing due to formation of the passive film. It is seen that 
the rate of repassivation is greatly affected by the environment as well 
as the integrity of the film formed indicated by different steady state 
potentials 
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Saline 16.4 110 14.1 0.80 12.8 
PBS 14.8 213 13.5 0.83 10.9 
PBS + 0.5gl-1 BSA 17.4 298 10.2 0.82 10.1 
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PBS + 4.0gl-1 BSA 19.3 342 5.8 0.83 7.38 
Saline + 4.0gl-1 BSA 16.8 227 9.2 0.80 11.1 
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TABLE 5: The extracted values obtained from the electrochemical fitted circuit for cathodic conditions  
 
(b) 
(a) 
The curve obtained after the potential is shifted from cathodic to passive 
can be fitted to a second order decay curve to determine the kinetics of 
repassivation. The second order fit applied to the alloy in PBS is 
indicated in Figure 11. This second order model accounts for both the 
coverage and thickening phases of film formation. Firstly it describes 
lateral growth of the film to cover the surface of the alloy and also 
increasing thickness of the film until fully developed. From the graph it 
is observed that the coverage phase (〃1) is dominant as this is where the 
current falls drastically from peak current towards the passivation 
current. After that the current descends at a much slower rate towards 
passivation which is indicative of the thickening phase (〃2).  
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FIGURE 10: The rates of repassivation for CoCrMo in simulated biological environments 
 
 
FIGURE 11: Example of the 2nd order exponential fit (a) and determination of repassivation 
index (b) 
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Figure 12 shows the values of the exponential fits for 〃1 and 〃2. 
Repassivation occurs fastest in a PBS environment, with BSA delaying 
this process as the protein inhibits the oxygen reduction reaction by 
blocking the active sites of the metal when adsorbed onto the surface 
of the alloy.  
FIGURE 12: Comparison of the obtained time constants determined 
from the repassivation data of CoCrMo 
 
The integrity of the film formed on the surface of the metal was 
determined from the current transients by plotting them on a Log-Log 
scale which allows the repassivation index to be obtained via analysis 
of the slope as explained previously. Figure 6 shows the current 
transients on a Log-Log scale, with the extracted repassivation index 
values being shown in Table 6. 
 
 
 
 
 
 
TABLE 6: Repassivation Index values obtained for a variety of simulated 
bodily fluids 
From the data obtained in Table 6 it is shown that the film formed in 
PBS is the most protective, with the presence of BSA slowly weakening 
the film and increasing the porosity of the film which is due to 
competitive binding with the oxidant to the surface of the alloy.  As 
expected the weakest film is seen in the absence of PBS with albumin.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Electrolyte Used 
Repassivation 
Index 
Saline -0.41 ± 0.01 
PBS -0.52 ± 0.02 
PBS + 0.5gl-1 BSA -0.50 ± 0.01 
PBS + 2.0gl-1 BSA -0.46 ± 0.02 
PBS + 4.0gl-1 BSA -0.44 ± 0.02 
Saline + 4.0gl-1 BSA -0.39 ± 0.01 
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XPS Analysis 
 
After the electrochemical tests, the surface of the alloy was examined 
via XPS to investigate changes in the passive film composition. Analysis 
of the alloy signaled the presence of these following elements: carbon 
(C 1s), oxygen (O 1s), chromium (Cr 2p), cobalt (Co 2p), molybdenum 
(Mo 3d). In the PBS environments,  phosphorus (P 2p) was also detected  
with nitrogen (N 1s) and traces of sulfur (S 2p) being observed when BSA 
was present.The deconvoluted peaks for the species of interest are 
depicted in Figure 13. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
O - Hydroxide 
O - Water 
O - Metal (b) 
C-C 
C-O 
C=O 
Metal 
Carbide 
(a) (a) 
Metal 
Carbide 
C-C 
C-O 
C=O 
(b) 
O - Metal 
O - Hydroxide 
O - Water 
Co 2p 3/2 
Co Oxide 
Co Hydroxide  
(c) (c) Co 2p 3/2 
Co Oxide 
Co Hydroxide  
PBS Environment PBS + 4.0gl
-1 Environment 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The presence of BSA causes alterations in the C 1s spectra of the alloy 
shown in Figure 9b, with a higher percentage carbon existing as either 
C-O or C=O. There is a broadening of the peak which indicates that BSA 
is adsorbed on the surface. This can be backed up by the emergence of 
N 1s peak that is seen alongside the presence of albumin, this peak is 
shown in Figure 14. 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 14: Nitrogen (N 1s) XPS peak of the repassivated sample in PBS 
+ 4.0gl-1 BSA 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The metal peaks are defined by a sharp peak with the degree of 
oxidation increasing the binding energy slightly. Co is observed to mainly 
exist in its metal form for both conditions with a slight increases in 
hydroxide being formed in the presence of albumin shown in Figure 13c. 
The chromium exists primarily as Cr(III) oxide and hydroxide, with the 
ratio of both Crmetal/oxide and Crmetal/hydroxide increasing in the presence of 
protien indicated in Figure 13d. There are many different peaks of Cr(III) 
oxide due to multi split components.21 In Figure 13e the molybdenum 
peaks are shown, for all conditions the +6 oxidation state of 
molybdenum is highly favored with percentage increases in the +4 state 
when exposed to albumin which could be attributed to bound 
molybdenum to the protein on the surface of the alloy.  
 
The percentage of metallic elements Co, Cr and Mo within the passive 
film of the alloy is shown in Figure 15, determined via deconvoluting the 
individual spectra and calculating the quantity of the metal present in 
the oxide state. This obtained data can help understand the composition 
of the film under different environments. 
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FIGURE 13: Fitting of XPS peaks on the repassivated surface for CoCrMo alloy in PBS and PBS with 4.0gl-1 BSA: (a) Carbon, (b) 
Oxygen, (c) Cobalt, (d) Chromium and (e) Molybdenum 
 
 
From the data in Figure 15 it can be seen that passive film formation is 
effected quite drastically by its surrounding environment altering the 
metal ion contributions within the film. The main constituent of  
CoCrMo is Cobalt (~66%), when the oxide layer is produced in saline 
the content of cobalt within the film is highly diminished in comparison 
to an air formed film and even more so when exposed to phosphates 
and albumin. Chromium has the highest presence within the passive 
film due to it having the lowest standard reduction potential out of the 
metals present and is therefore the most favorable metal to be 
oxidized. The content of molybdenum within the oxide layer increases 
in PBS but as albumin is added it actually decreases, this is due to the 
high affinity between this metal ion and the albumin which causes 
molybdenum to be extracted into the bulk solution thus lowering its 
concentration in the film. 
 
 
 
ICP-MS Analysis 
The content of metal dissolution from the alloy in µg/L in shown in 
Figure 16.  In saline conditions, the majority of ions released are cobalt 
which exceeds the stoichiometry in the alloy. 
This is attributed to the fact that cobalt forms dissolved ions whereas 
chromium ions form a solid oxide. The effect of phosphates causes an 
increase in chromium ions at the expense of cobalt owed to chromium 
being drawn towards the surface due to the environment, being in 
more agreement with the stoichiometry of the alloy. When Albumin is 
added, the release of molybdenum ion drastically increases due to the 
high affinity with the protein molecule which is in agreement with the 
XPS work carried out.  
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FIGURE 15: Percentage of metallic elements present in the oxide state under a range of biological conditions  
 
 
FIGURE 16: Amount of metal ions released from the alloy into the bulk solution  
 
Charge Density  
 
B┞ ┌ゲｷﾐｪ F;ヴ;S;┞げゲ L;┘が SWヮｷIデWS ｷﾐ Eケ┌;デｷﾗﾐ Α it was possible to 
convert the quantities of metallic ions detected into the total charge 
lost. The total charge for each of the metal ions under a specific 
conditions is depicted in Figure 17, with a comparison against the total 
charge density determined from the integration of the current 
transients shown in Table 5.  芸 噺 兼繋権警  
EQUATION  7:  F;ヴ;S;┞げゲ L;┘ ﾗa EﾉWIデヴﾗﾉ┞ゲｷゲ 
 
Where: m = mass of the substance liberated at an electrode in grams, F 
= the faraday constant, M is the molar mass of the substance in 
grams/mol and z is the valancey number of ions of the substrate.        
(Co = 2, Cr = 3, Mo = 4) 
 
FIGURE 17: The charge of ions released into the bulk solution 
determined by Faradays Law (QDiss) 
Condition QDiss (mC) QT (mC) 
Saline 3.40 ± 0.32 2.18 ± 0.15 
PBS 2.19 ± 0.37 1.15 ± 0.09 
PBS + 0.5gl-1 BSA 1.29 ± 0.25 1.22 ± 0.16 
PBS + 2.0gl-1 BSA 1.47 ± 0.26 1.53 ± 0.11 
PBS + 4.0gl-1 BSA 2.52 ± 0.33 2.09 ± 0.13 
Saline + 4.0gl-1 BSA 2.85 ± 0.29 3.02 ± 0.22 
 
TABLE 7: A comparison between the charge of dissolution measured by 
ICP-MS (QDiss) and the total charge (QT) determined by integration of 
the current transients obtained  
From the data extracted it is seen that the charge of dissolution 
decreases in the presence on phosphates due to sufficient decreases in 
charge contributions from both cobalt and chromium ions, with little 
effect seen on molybdenum. When BSA is part of the environment the 
quantity of charge owed to molybdenum increases as the 
concentration of BSA does attributing to over half of the overall charge 
when present at 4.0gl-1 in solution. In terms of overall charge, the QDiss 
accounts for the vast majority of total charge for all environments.  
DISSCUSSION 
The corrosion resistance of CoCrMo is related to the formation of a 
passive film on the surface of the alloy which acts as a barrier to the 
environment, limiting corrosion. Once stripped of this film its ability to 
repassivate at a high rate is key to prevent metal ions being released 
into the body. It is well known that an alloy with a higher rate of 
repassivation possesses a higher corrosion resistance as less corrosion 
occurs per repassivation phase. The results obtained document that 
the presence of BSA reduces the rate of repassivation, alters the 
composition of the newly formed film and the rate of metal ion 
release. It has been seen in other literature that BSA can have 
beneficial effects on the corrosion behavior, seen in work from Y.Yan,8 
where albumin formed a biofilm which reduced metal ion release. 
From the work carried out, this would only be true when the surface is 
in a passive state but has adverse effects if the passive film is 
compromised. 
 
The corrosion behavior of the alloy under both passive and cathodic 
was investigated by use of EIS. Under these conditions the presence of 
phosphates increases the corrosion resistance of the alloy indicated by 
increased values of Rp which is in good agreement with the 
potentiostatic and potentiodynamic data obtained as a phosphate 
environment gave the lowest values of ip. The presence of BSA 
increases the values of Rout and CPEout for both conditions which 
implies that the molecules absorb onto the surface protecting the alloy 
from the environment.  
The impedance under passive conditions consist of high values of 105 
which is characteristic of a passive film for a CoCrMo alloy. The 
equivalent circuit used to model this data has been used by multiple 
authors to when modelling the passive state of CoCrMo.22,23,24 
Whereas the impedance values for cathodic conditions are highly 
diminished alongside with a greater capacitance indicating that the 
passive film has vastly been reduced due to the cathodic reaction being 
favored.25 The circuit fitted for the impedance spectra under cathodic 
conditions has a warburg component due to the line at high 
frequencies off the small semicircle, this has been modeled in this way 
previously by C.Vidal.24 They stated that this frequency loop represents 
the diffusion of dissolved oxygen.  
From undertaking EIS under both of these conditions it can be said that 
the oxide film under these cathodic conditions has majorly/fully been 
reduced. This is in concordance with findings in the literature in that 
little/no oxide forms if the potential becomes sufficiently negative (less 
than -0.5V vs Ag/AgCl) .22,25,26 
 
 
The kinetics of repassivation was studied by analyzing the time 
constants obtained from the current transients. From the data shown in 
Figure 7, the presence on BSA delays the rate of repassivation by 
hindering both the coverage and thickening phases of the passive film. 
Due to BSA adsorbing onto the surface impeding access of dissolved 
oxygen to the metal surface.27,28 Work by D.Sun,29 also saw a greater 
repassivation time in a protienous environment when the film was 
compromised via a scratch test and suggested the gradual re-
establishment of the electric double layer contributes to the slow 
recovery of current. These theories are backed up from the data 
obtained from the polarization data of CoCrMo where the protein was 
shown to act as a cathodic inhibitor. As 〃1 is shown to be the dominant 
time constant, a longer 〃1 causes the alloy to undergo more corrosion as 
the time for the alloy to be covered by the protective oxide film 
increases thus increasing the quantity of metal ions released. In the 
presence of BSA, there is more time for the molybdenum ions to be 
extracted into the bulk solution. This effect is further amplified in the 
absence of phosphates as its well known that phosphates compete to 
bind to the surface of the alloy with BSA and as the phosphate ion is an 
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oxidizing agent it helps contribute the reformation of the passive 
film.7,30 By looking at the values of 〃2 it is seen that the thickening of the 
oxide film occurs quickest in the absence of PBS, with presence of BSA 
also slowing down this rate. This is down to the oxidant needing to 
diffuse through the adsorbed BSA layer on the surface as well as the 
newly formed oxide film to reach the surface of the alloy and be 
reduced, this causes a slow growth of the film to its maximum state. As 
expected the obtained steady state current was lowest in a PBS 
environment as the phosphates adsorbs onto the surface protecting the 
alloy thus lowering the current density. With the thickening of the film 
also being inhibited in an albumin environment as well as the overall 
porosity of the film this could lead to an increase in dissolution of metal 
ions if they can diffuse away through the newly covered alloy. There 
have been reports of repassivation occurring on the millisecond time 
scale when the oxide film has been removed via scratch testing as seen 
by J.R Goldberg and D.Sun.13,29 This can be attributed to the extent and 
complexity of the area in question with this study being on a much 
greater scale compared to a single scratch. Upon mechanical 
depassivation, deformation of the area occurs which may alter the 
corrosion potential of the surface leading to a faster rate of 
repassivation.31 This also leaves oxide present either side of the 
depassivated area enabling passivation to occur via lateral growth which 
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Alongside the passive film being reformed at a reduced rate, the 
composition of the film formed after repassivation is also altered 
drastically depending on the condition. Li et al,32 saw alterations in the 
passive film composition under wear-induced conditions, seeing the 
percentage of chromium with the film after repassivation decreasing. 
As expected, the reformed passive film mainly consists of chromium 
(III) oxide and chromium (III) hydroxide which is characteristic of 
CoCrMo alloys.30,33,34 In the presence of albumin the content of cobalt 
is diminished to ~17%, Milosev and Strenblow,33 determined that the 
concentration is typically 25% in a passive layer, which is quite an 
increase on that of a reformed oxide. The presence of molybdenum is 
reduced with increasing quantities of albumin in the environment, this 
is contradicting to work carried out on passivated samples. Munoz and 
Mischler,30 documented that in the presence of albumin the presence 
of molybdenum increases within the film when a CoCrMo sample is 
passivated under electrochemical conditions.  
 
By taking into account that the reformed film is consists primarily of 
chromium (III) oxide film to be off a thickness of 2nm with a density of 
5.22gcm-3 due to repassivation occurring under a passive potential, the 
charge of film formation is 0.75mC for the area of the sample in 
question.9 For several of the environments it is seen that the charge of 
dissolution is greater than the total charge determined experimentally. 
This calculated total charge density is an underestimation of the true 
┗;ﾉ┌W ;ゲ ｷデ SﾗWゲﾐげデ デ;ﾆW ｷﾐデﾗ ;IIﾗ┌ﾐデ デｴW iR drop alongside some 
limiting factors which are discussed later on.  By comparing the charge 
needed for film formation to the charge of dissolution it is clear that 
the majority of the total charge is attributed to the dissolution of 
metallic ions which is well supported by the literature.9,35 This is 
further supported by the data in table 7 which presents a close 
agreement between QDiss and QT with respect to experimental error. 
The charge of dissolution as well as the total charge is highly 
diminished when phosphates are present due to quicker reformation 
of the oxide film, with the ratio of the charge of ions released stays 
relatively constant. Albumin causes a drastic increase in the total 
charge due to the higher rates of repassivation alongside the reduction 
of BSA molecules enabling them to adsorb onto the surface. The ratios 
of charge owed to dissolution is shifted to favor molybdenum ions 
indicting that the albumin extracts the ion into the bulk, this 
electrochemical interactions between these could also contribute to 
the increased total charge observed.  
The comparison of molybdenum content for passivated and 
repassivated samples is intriguing as, from Munoz and Misclers work it 
was observed that the percentage of molybdenum in the film 
increased up to ~14% when in the presence of albumin in both saline 
and PBS conditions.30 From the data shown in Figure 11 ,the 
percentage of molybdenum decreases under repassivation to ~9% and 
~10% in the presence of albumin in saline and PBS respectively. There 
is a decrease in molybdenum content when the passive film is 
compromised in the presence of molybdenum as the metal ions have a 
high affinity for the protein allowing them to diffuse away into the 
solution, this is not possible when the film is present, this process is 
shown in Figure 18. The presence of molybdenum seems to play a vital 
role in the integrity of the oxide film formed with porosity of the film 
increasing as the presence of molybdenum in the film is reduced as 
seen in Table 6. This can be deduced as the presence of chromium 
increases which is well known to increase corrosion resistance.10,15,27 
The decreasing values of OCP and rising ip in BSA solutions from the 
potentiodynamic experiment back this up as they indicate that the 
passive film is less protective. The differences in the passivated and 
repassivated films alongside the EIS data obtained are also another 
reason to support that the conditions to reduce the air formed oxide 
were successful.  
 
From analyzing the solutions after each electrochemical experiments it 
is shown that BSA can complex to metal ions and extract them into 
solution, specifically molybdenum which accelerates the dissolution 
process of the alloy,28,34 This mechanism helps explain the observed 
increase in icorr with albumin containing solutions obtained from the 
potentiodynamic experiments in Figure 5a. The preferential binding of 
the molybdenum ion to the protein has also been documented in the 
literature several times.9,36,37 In the electrolyte the overall globular 
charge of the protein molecule is negative as the carboxylate groups 
become deprotonated due to the isoelectric point of BSA being 4.7. 
6,7,10 It is these negative functional groups that can bind with the 
positive metal cations via electrostatic interactions forming an 
irreversible bond.10,37 The formation of covalent bonds and wettability 
are significant in binding of metal ions to the active sites in BSA.6 A 
possible interaction that could take place is the binding of the 
molybdenum cation to the free sulphur group on cysteine-34 which is 
known to be a very thermodynamically favored bond, this could 
explain why molybdenum binds preferentially over the other two 
metal ions present. This in turn causes the composition of the passive 
film to be altered after repassivation which effects the integrity of the 
film and future performance of the implanted alloy. 
 
By looking at how the bare metal surface interacts with a protein 
environment compared to that of an alloy protected by a passive film it 
is possible to deduce that the passive film protects the alloy from 
interactions with the protein.38 The protein molecules are seen to have 
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unreactive, apolar surface consisting of chromium oxide.10,38 When the 
oxide film is cleaved the reactive surface is exposed causing electronic 
interactions to be more pronounced which leads to stronger 
interactions and dissolution of the metal ions as shown in Figure 18. 
 
LIMITATIONS 
 
The potentiostatic methods utilized within this research are desirable 
in predicting the behavior of alloys under different conditions, but 
there are multiple factors which can influence/effect the obtained data 
ranging from the response time of the equipment used to the rate of 
oxide removal.35 
 
Limitations with this specific data set obtained are due to ohmic 
limitations as well as the response time of the potentiostat which fails 
to collect data on the nanosecond scale.35,39 As the response time of 
the potentiostat is low it means that a portion of charge is lost in the 
early stages as it cannot increase the current at a fast enough rate to 
maintain the potential which is needed due to the rapid change from 
cathodic to passive potentials.35 The vast change in the conditions also 
leads to an ohmic drop which causes an effect on the early portion of 
the current transient formed.35,39 Due to these limitations the data set 
is only instructive with respect to the trend of solution analysis.   
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FIGURE 18: Schematic showing the process of molybdenum extraction in the presence of BSA when electrochemical repassivation is 
undertaken against passive polarization 
 
Conclusion 
 
An in depth analysis was undertaken on the kinetics and composition of 
an electrochemically repassivated oxide CoCrMo film in a variety is 
simulated bodily fluids, from the results obtained the following 
conclusions have been reached: 
 
1. The environment in which repassivation occurs has a drastic 
effect on the rate of repassivation with the quickest occurring 
in a phosphate containing environment whilst if BSA is added 
the rate slowly decreases as oxidant is inhibited due to the size 
of the protein which blocks the active sites of the alloy  
2. Presence of Albumin causes the passive film to become less 
compact and therefore increase in porosity  
3. The composition of the passive film is drastically altered when 
albumin is added, reducing the quantity of molybdenum by 
extracting the metal element into the bulk solution. This could 
lead to the integrity of the film being compromised after 
prolonged periods of time 
4. With the presence of albumin in the electrolyte, there is a 
drastic increase in molybdenum released from the alloy due 
to high binding affinites 
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FIGURE CAPTIONS 
 
FIGURE 1. The designed sample holder used for the electrochemical 
tests (Acts as WE) 
FIGURE 2. Example of Tafel exptrapolation process for CoCrMo in PBS 
solution 
FIGURE 3. Example of Fitted cell to the passive impedance spectra of 
CoCrMo in a PBS environment  
FIGURE 4. The OCP curves for CoCrMo in simulated bodilt fluids over an 
hour 
FIGURE 5. The Anodic (a) and Cathodic (b) potentiodynamic curves for 
CoCrMo in simulated bodily fluids 
FIGURE 6. Shows the Nyquist (a) and bode plots (b) of CoCrMo 
under passive conditions in simulated bodily fluids 
FIGURE 7. Equivalent circuit used to analyse the impedance spectra 
obtained under passive conditions. Rs solution resistance, Rout outer 
layer resistance, CPEout CPE of the outer layer, Rin inner layer resistance, 
CPEin CPE of the inner layer 
FIGURE 8. Shows the Nyquist (a) and bode plots (b) of CoCrMo 
under passive conditions in simulated bodily fluids 
FIGURE 9. Equivalent circuit used to analyse the impedance spectra 
obtained under passive conditions. Rs solution resistance, Rout outer 
layer resistance, CPEout CPE of the outer layer, W Warburg diffusion 
FIGURE 10. The rates of repassivation for CoCrMo In simulated 
biological environements 
FIGURE 11. Example of the 2nd order exponential fit (a) and 
determination of repassivation index (b) 
FIGURE 12. Comparison of obtained time constants determined from 
the repassivation data of CoCrMo  
FIGURE 13. Fitting of XPS peaks on the repassivated surface for CoCrMo 
alloy in PBS and PBS with 4.0gl-1 BSA: (a) Carbon, (b) Oxygen, (c) Cobalt, 
(d) Chromium and (e) Molybdenum 
FIGURE 14. Nitrogen (N 1s) XPS peak of the repassivated sample in PBS 
+ 4.0gl-1 BSA 
FIGURE 15. Percentage of metallic elements present in the oxide state 
under a range of biological conditions   
FIGURE 16. Amount of metal ions released from the alloy into the bulk 
solution 
FIGURE 17. The total charge of ions released into the bulk solution 
determined from Faradays Law 
FIGURE 18. Schematic show the process of molybdenum extraction in 
the presence of BSA when electrochemical repassivation is undertaken 
against passive polarization 
 
 
